Introduction
============

Plants have been colorfully labeled the "big kahuna of polyploidization" (Sémon and Wolfe, [@B34]). The lineages leading to the two preeminent models for plant genetics -- *Arabidopsis* (a eudicot) and maize (a monocot) -- each show evidence of multiple independent whole genome duplications (Figure [1](#F1){ref-type="fig"}) since monocots and eudicots diverged approximately 120 million years ago (Soltis et al., [@B36]). Recent evidence suggests at least two additional, shared, whole genome duplications prior to the monocot/eudicot split (Jiao et al., [@B18]). The cumulative ploidy numbers relative to a pre-seed plant ancestor are listed in parentheses in Figure [1](#F1){ref-type="fig"}. Whole genome duplication creates duplicate, potentially redundant, copies of all the genes within a genome. The loss of these duplicate copies from the genomes of ancient polyploid species is known as fractionation (Langham et al., [@B20]) and -- over evolutionary time scales -- the majority of genes duplicated by polyploidy will be reduced back to a single copy. If fractionation did not occur, an ancestral genome of 10,000 genes would grow to an unrealistically large 640,000 genes in maize, and 1.44 million genes in *Brassica rapa*.

![**Phylogenetic trees showing the distribution of whole genome duplications throughout the flowering plants. (A)** Relationships of all species and whole genome duplications referenced in this paper. Ploidy levels relative to the common ancestor of seed plants are noted along individual branches in parentheses. Footnotes mark individual ancient whole genome duplications, described in more detail in Table [1](#T1){ref-type="table"}. **(B)** The relationship between the multiple subgenomes created by whole genome duplications within the crucifers. The LF, MF1, MF2 terminology for Brassica subgenomes comes from The *Brassica rapa* Genome Sequencing Project Consortium ([@B41]). **(C)** The relationship between the multiple subgenomes created by whole genome duplication within the grasses. The Maize 1, Maize 2 terminology for maize subgenomes comes from Schnable et al. ([@B31]).](fpls-03-00094-g001){#F1}

Some classes of genes, particularly those encoding organelle, preferentially revert to single copy status following whole genome duplications (Duarte et al., [@B9]). However, other classes of genes -- such as subunits of large multiprotein complexes, transcription factors, and signal transduction machinery tend to resist fractionation following whole genome duplication (Blanc and Wolfe, [@B4]; Seoighe and Gehring, [@B35]; Maere et al., [@B24]). This observation has been explained by the Gene Dosage Hypothesis (Birchler and Veitia, [@B2]) which predicts that fractionation of genes encoding proteins involved in dose--sensitive interactions will be selected against, as the loss of either gene copy is expected to throw the dosage of that gene pair's product out of balance with its interaction partners, partners that also tend to remain duplicated. The topic of the influence of gene dosage-constraints on post-tetraploidy genome evolution has been well-reviewed (Sémon and Wolfe, [@B34]; Edger and Pires, [@B10]; Freeling, [@B13]; Birchler and Veitia, [@B3]). A previous study of multiple sequential tetraploidies in the *Arabidopsis* lineage found a general tendency for genes retained following one tetraploidy to also be retained following a second one (Seoighe and Gehring, [@B35]).

Since the divergence of the *Arabidopsis* and grape lineages, *Arabidopsis* has experienced two additional rounds of whole genome duplication. The rate of duplicate gene retention for transcription factors after single polyploidies have been observed to be approximately 25% (Blanc and Wolfe, [@B4]; Seoighe and Gehring, [@B35]). If no mitigation of gene dosage occurred, our expectation after two rounds of whole genome duplication is that *Arabidopsis* should contain approximately 156% as many transcription factor encoding genes as grape. However, a detailed annotation of transcription factors using conserved protein domains found the number of transcription factors in the *Arabidopsis* genome is only 25.4% greater than the number found in grape (Lang et al., [@B19]). The fitness cost of changes in relative gene dosage must, to some extent, be mitigated over multiple whole genome duplications or the genomes of plants would long ago have become over-burdened with genes encoding life's most complicated machines.

This paper provides evidence that duplicate genes do not equally maintain their progenitor's preference for duplicate gene retention. Duplicate genes produced by whole genome duplication are not equivalent. Parental genomes originating from different species within a polyploid almost immediately differentiate into dominant and non-dominant subgenomes (Chang et al., [@B7]), and these expression differences are preserved for millions of years (Flagel and Wendel, [@B12]; Schnable et al., [@B31]). Bias in gene loss between duplicate regions (fractionation bias) has been observed in *Arabidopsis* (Thomas et al., [@B42]) and maize (Woodhouse et al., [@B44]) and seems to be a general rule for whole genome duplications ranging from paramecium to fish (Sankoff et al., [@B28]). Bias in fractionation and genome dominance are linked because it is expected that genes on the underexpressed, non-dominant subgenome simply matter less to purifying selection and dosage-constraints (Schnable et al., [@B31]). In maize, genes with known mutant phenotypes are indeed preferentially found on the dominant subgenome (Schnable and Freeling, [@B29]). As bias in expression predicts which subgenome will experience more fractionation following polyploidy, either subgenome identity or the expression patterns of individual gene pairs may also predict which copy of a duplicate gene pair will be more prone to duplicate gene retention in future polyploidies.

We addressed the issue of mitigation of gene dosage-constraints with two experimental systems, the grasses, and the crucifers. Both clades have roughly parallel histories of polyploidy among species with sequenced genomes (Figure [1](#F1){ref-type="fig"}; Table [1](#T1){ref-type="table"}). Both grasses and crucifers contain a more ancient whole genome duplication which is shared by all sequenced species in the clade (Bowers et al., [@B5]; Paterson et al., [@B27]) and in both clades one well studied species with a sequenced genome has experienced a second subsequent whole genome duplication -- maize in the grasses (Gaut and Doebley, [@B14]) and *B. rapa* in the crucifers (Lysak et al., [@B23]). In both cases any duplicate genes retained from the older clade-wide polyploidy did not retain additional duplicate copies in the subsequent lineage-specific polyploidy. Therefore we were able to carry out parallel experiments to identify characteristics associated with preferential retention. It was possible to control, to some extent for the effect of protein function, by focusing on pairs of duplicate genes retained in the clade-wide polyploidy which had different fates in the subsequent lineage-specific polyploidy. A model is proposed to explain how the duplicate copies of dose--sensitive genes escape preferential retention in later polyploidies.

###### 

**Whole genome duplications**.

  Footnote ID from Figure [1](#F1){ref-type="fig"}   One name (often of many)       One citation (often of many)
  -------------------------------------------------- ------------------------------ ------------------------------
  1                                                  Pre-seed plant                 Jiao et al. ([@B18])
  2                                                  Pre-flowering plant            Jiao et al. ([@B18])
  3                                                  Sigma1                         Tang et al. ([@B38])
  4                                                  Sigma2                         Tang et al. ([@B38])
  5                                                  Pre-grass/Rho                  Paterson et al. ([@B27])
  6                                                  Maize Lineage WGD              Gaut and Doebley ([@B14])
  7                                                  Gamma/pre-eudicot hexaploidy   Jaillon et al. ([@B17])
  8                                                  Beta                           Bowers et al. ([@B5])
  9                                                  Alpha                          Bowers et al. ([@B5])
  10                                                 *Brassica* hexaploidy          Lysak et al. ([@B23])

Materials and Methods {#s1}
=====================

Data sources
------------

The genome assemblies and annotation used in this study were TAIR 10 (*Arabidopsis thaliana*), *Arabidopsis lyrata* v1.0 (Hu et al., [@B16]), the initial release of the *B. rapa* genome (The *Brassica rapa* Genome Sequencing Project Consortium, [@B41]), MSU 6 (*Oryza sativa*; Goff et al., [@B15]), *Sorghum bicolor* 1.4 (Paterson et al., [@B26]), and B73_refgen1 (*Zea mays*; Schnable et al., [@B33]).

Gene pair identification
------------------------

Orthologous genes between *A. thaliana* and *A. lyrata* were identified using SynMap (Lyons et al., [@B22]) with QuotaAlign settings of 1:1 (Tang et al., [@B39]). *Arabidopsis*--*Brassica* orthologous relationships were taken from Tang et al. ([@B40]). All orthologous and homeologous relationships between grass species are those published in Schnable et al. ([@B30]).

Expression calculations
-----------------------

Gene expression levels were calculated using previously published RNA-seq data from wild type seedlings of *A. thaliana* (SRX019140: 44.7 million reads; Deng et al., [@B8]) and rice (SRX020118: 8.9 million reads; Zemach et al., [@B45]). These datasets were selected because, at the time these analysis were originally conducted they represented the RNA-seq experiments with the most sequencing depth for these two species deposited in the sequence read archive. Reads were aligned to reference genomes using Bowtie (Langmead et al., [@B21]) and gene expression levels were quantified using Cufflinks (Trapnell et al., [@B43]). Bowtie does not perform spliced alignments, which means some reads from regions of mRNA molecules which span exon junctions were not recovered in our analysis. However, given that homeologous genes will in almost all cases posses the same intron--exon structure, any bias introduced by this approach will be equivalent between gene copies.

Measuring purifying Selection
-----------------------------

Synonymous and non-synonymous substitution rates were calculated using the synonymous_calculation package included with bio-pipeline[^1^](#fn1){ref-type="fn"} using the Nei--Gojobori method (Nei and Gojobori, [@B25]). All other settings remained as default.

Identification of Rice CNSs
---------------------------

Rice CNSs were identified using version 3 of the CNS Discovery pipeline[^2^](#fn2){ref-type="fn"} (Schnable et al., [@B32]).

Statistics
----------

*p*-Values for the difference in retention frequencies between singleton genes and homeologously paired genes were calculated using Fisher's Exact Test. In the crucifers, *Arabidopsis* genes with two or three retained co-orthologs in *B. rapa* were grouped together as "retained."

Results
=======

Genes syntenically conserved through the crucifiers or grasses were categorized as (1) those without a homeologous duplicate from the older polyploidy in each lineage (2) those with a retained homeolog from the older polyploidy in each lineage. In the crucifer lineage, the older tetraploidy is *Arabidopsis* lineage alpha (23--40 MYA); in the Poales, the earlier tetraploidy was "pre-grass" (about 70 MYA; Figure [1](#F1){ref-type="fig"}). In crucifers, these genes are classified by the number of co-orthologs conserved in *B. rapa* after the hexaploidy shared by all *Brassica* species (Figure [2](#F2){ref-type="fig"}A). In grasses, genes were classified by whether maize retained only one or both co-orthologs following the more recent tetraploidy of the *Zea*/*Tripsacum* lineage (Figure [2](#F2){ref-type="fig"}B). Retention in older polyploidies does predict retention in future polyploidies (*p* \< 2.2 × 10^−16^ for both crucifers and grasses), as previously showing in *Arabidopsis* (Seoighe and Gehring, [@B35]). However in both experiments approximately half of genes previously retained as a duplicate pair in the older whole genome duplication -- and therefore presumed to be sensitive to changes in gene dosage -- fractionated to a single copy in the more recent whole genome duplication.

![**Impact of retention in a previous whole genome duplication on retention in future whole genome duplications. (A)** Proportion of *Arabidopsis* genes with one, two, or three co-orthologs in *Brassica rapa*. **(B)** Proportion of genes syntenically retained in sorghum and rice with one, or two co-orthologs in maize.](fpls-03-00094-g002){#F2}

The crucifer dataset consisted of 817 *Arabidopsis* gene pairs where one copy was orthologous to only a single gene in *B. rapa* and the other possessed either two or three co-orthologs (Data Sheet S1 in Material). The grass dataset consisted of 407 gene pairs conserved in both rice and sorghum where one copy was orthologous to only a single gene in maize, its duplicate having been fractionated and the other represented by two co-orthologs in maize (Data Sheet S2 in Supplementary Material). Gene pairs result from more ancient whole genome duplications were identified and removed, as these tend to introduce confounding factors. Members of gene pairs were assigned to under and over fractionated subgenomes using differences in the number of genes syntenically retained in multiple species between homeologous regions of the rice and *Arabidopsis* genomes (Schnable et al., [@B31], [@B30]). In both datasets, the analysis of the relative levels of RNA encoded by duplicate genes pairs -- measured by RNA-seq -- was carried out in an outgroup lineage which shared only the older clade-wide polyploidy. In the grasses we used the expression of syntenic orthologs in rice and in the crucifers syntenic orthologs in *A*. thaliana (see [Materials and Methods](#s1){ref-type="sec"}). The relative levels of purifying selection acting on each members of a gene pair were also compared using the ratio of non-synonymous substitutions to synonymous substitutions between orthologous genes in *A. thaliana* and *A. lyrata* (for the crucifers) and between rice and sorghum (for the grasses; see [Materials and Methods](#s1){ref-type="sec"}). Promoter complexity, as measured by number of conserved non-coding sequences, has previously shown to influence the odds a gene will be retained as a duplicate pair following polyploidy in the grasses (Schnable et al., [@B32]) -- so gene pairs were also sorted based on number of conserved non-coding sequences, in the grasses, and total quantity of upstream non-transposon sequence in *Arabidopsis*, this length being a crude proxy for promoter complexity having previously been shown to correlate with complexity of gene expression patterns (Sun et al., [@B37]).

All four potential markers examined showed significant power to predict which copy of a homeologous gene pair would be more resistant to fractionation in subsequent whole genome duplications (Figure [3](#F3){ref-type="fig"}). In general the gene copy retained in duplicate tended to also be the higher expressed copy, show evidence of greater purifying selection and to be associated with greater amounts of non-coding regulatory sequence. These genes also tended to be located on the dominant subgenome.

![**Correlation between subsequent duplicate gene retention and a number of predicting factors including gene expression, ratio of non-synonymous to synonymous substitutions, and subgenome identity for (A) crucifer and (B) grass gene pairs**. *P*-values relative to a 50/50 binomial distribution.](fpls-03-00094-g003){#F3}

Discussion
==========

Following polyploidy, a genome possesses two or more homeologous genes, each with the same coding sequence and regulatory elements. Yet these gene copies can immediately show very different patterns of expression (Flagel et al., [@B11]; Buggs et al., [@B6]). It has been proposed that the deletion of less expressed copy of a gene following polyploidy is more likely to be selectively neutral (Schnable and Freeling, [@B29]; Schnable et al., [@B31]). When combined with the observation that expression levels are unequal between parental subgenomes in allotetraploids (Chang et al., [@B7]; Flagel and Wendel, [@B12]; Schnable et al., [@B31]), this model may explain the bias fractionation bias which has been found in ancient polyploids species (Schnable et al., [@B31]).

Here we have shown that that the dominant gene copy -- more expressed, under higher purifying selection, associated with more regulatory sequence -- of a homeologous gene pair is more likely to retain the ancestral characteristic of preferential retention of duplicate copies in subsequent polyploidies. A number of explanations could be proposed for the link between expression and future resistance to fractionation. We propose a model based on the same link between expression and which predicts fractionation bias between parental subgenomes. If all the co-orthologs of a single ancestral gene contribute to a single pool of gene-product, the loss of less expressed gene copies would result in the smallest change in total gene-product dosage. If the total expression of a group of homeologous genes is constrained in either relative or absolute terms (Bekaert et al., [@B1]) smaller changes in total gene-product dosage -- created by the loss of a less expressed gene copy -- are predicted to be more often selectively neutral, and therefore more common (Figure [4](#F4){ref-type="fig"}). This model also predicts that, for gene pairs in *A. thaliana* where only one copy possesses any orthologous genes in *B. rapa*, it should more often be the more expressed copy; as is indeed the case (Table [A1](#TA1){ref-type="table"} in Appendix).

![**Model for the intrinsic mitigation of gene dosage following multiple rounds of whole genome duplication**. On the left, the phylogenetic tree of a perfectly retained gene after two rounds of whole genome duplication. On the right a model of how total expression is partitioned among increasing numbers of gene copies assuming genome dominance. Darkness of individual bars indicates how large an effect the loss of individual gene copies will have on total expression, and, presumably, on fitness.](fpls-03-00094-g004){#F4}

When combined with previous results linking genome dominance with biased fractionation (Chang et al., [@B7]; Schnable et al., [@B31]), our results suggest the Gene Dosage Hypothesis could perhaps be better thought of as the Gene-Product Dosage Hypothesis in that it can generally be considered to act on the concentration of the proteins encoded by duplicate genes, not gene copy number itself. Even when both copies of a gene are retained following whole genome duplication, the less expressed copy will often be lost in subsequent whole genome duplications. Furthermore, the greater the number of duplicate copies of a gene are found within a genome the less each individual copy contributes to total expression and the more likely it becomes that the loss of individual copies can be tolerated. In other words, the protection against fractionation provided by selection for gene dosage -- either absolute or relative -- becomes less powerful the less a given gene copy contributes to total expression, and the more total gene copies are present within the genome. This explains, at least in part, why despite being the "big kahuna" of whole genome duplications, plant genomes are not over-burdened with subunits of large dose-sensitive protein complexes.
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###### 

**Expression in *Arabidopsis* and complete gene loss in *Brassica rapa***.

                                                                                              Less expressed copy lost in *Brassica rapa*   More expressed copy lost in *Brassica rapa*   *p*-Value
  ------------------------------------------------------------------------------------------- --------------------------------------------- --------------------------------------------- ----------------------
  All alpha pairs where one copy has been completely lost in *Brassica rapa*                  428 gene pairs                                217 gene pairs                                *p* = 3.60 × 10^−17^
  Alpha pairs where there are multiple co-orthologs in *Brassica rapa* of the retained copy   271 gene pairs                                98 gene pairs                                 *p* = 3.48 × 10^−20^
  Both copies expressed above five FPKM in *Arabidopsis thaliana*                             191 gene pairs                                128 gene pairs                                *p* = 2.49 × 10^−4^
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